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Introduction
In 2008, chronic diseases accounted for 63% of global deaths [1] . As of 2013, there are approximately 117 million individuals in the USA with one or more chronic diseases, placing a significant burden on health care costs [2] . Self-management provides the patient with more control and responsibility to achieve effective disease management while simultaneously reducing healthcare expenditure [3] .
Effective management of chronic comorbid conditions often involves complex medication regimens, requiring different tablet combinations and multiple daily dosing [4] . There is a high rate of non-adherence to medication regimens, particularly in patients with chronic conditions [5] . Fortunately, adherence may be improved through a combination of patient educational and behavioural interventions [6] . Older people are at risk of non-adherence due to a normal decline in dexterity, mobility, hearing and vision; however, impaired cognitive function may exacerbate these effects [7, 8] . Of note, there is a paucity of research literature investigating the impact of dementia on the ability of patient's adhering to complex medication regimens [9] .
Deficits in cognitive processes due to dementia predisposes older adults to medication nonadherence by impairing abilities in planning, organising and executing medication management tasks [10, 11] . Multiple patient, environmental and systemic factors may also modulate medication adherence [8] . To date, no single factor has accounted for more than a modest explanation for non-adherence [12] . Disease features, referral process, clinical settings, therapeutic regimen, patient demographics, treatment factors (cost, dosing frequency, side effects etc.) inconsistently explain non-adherence and thus cannot be used to adequately predict it [13] .
The impact of dementia on a patient's ability to self-manage varies according to the cognitive domain(s) affected (Table 1) , severity of impairment, and complexity of the self-management task(s). The functions of multiple cognitive domains are required to adhere to medication regimens [14, 15] as this task involves obtaining and accessing medications, understanding directions, scheduling intake, adjusting schedules, planning continuous access to medication and problem-solving missed doses [16, 17] . Deficits in any cognitive domain(s) will impact a persons' ability to adhere to prescribed medication subsequently resulting in medication errors, medication related hospital admissions, and dependence on others to assist with medication management tasks [11, 18] . Furthermore, feasible long term interventions to improve medication adherence in chronic disease is lacking [19] .
Research on specific cognitive domains and medication management tasks are predominantly focused on learning, memory and executive functioning, with little research into the remaining domains (attention, language; perceptual-motor function and social cognition) [20, 21] (Table 1) . A comprehensive understanding of the influence of all cognitive domains on non-adherence is necessary for clinicians to improve care.
Aims
The aim of this systematic review is to elucidate the relationship between medication nonadherence and specific cognitive domains in persons with dementia/CI. The secondary aim is to determine factors related to medication non-adherence in persons with dementia/CI who take medication for treatment of comorbid chronic disease(s).
Methods

Definitions
This review has adopted the clinical diagnostic criteria of the Diagnostic Statistical Manual version 5 (DSM-V) to define dementia and cognitive impairment and outline the specific cognitive domains (Table 1) [22].
Study selection
Eligibility criteria encompassed articles reporting medication non-adherence in people with CI or dementia in the community, with or without caregiver support.
Inclusion criteria comprised original research in peer-reviewed journals available in English language between 1 January 1949-31 December 2015. Studies with participants who had dementia as described by authors and comorbid chronic diseases were included. Articles reporting dementia of different severities were also included. Article definitions and methods of diagnosing dementia were not restricted to the DSM-V clinical diagnostic criteria used to structure this review.
Excluded were studies on medication non-adherence in hospital or institutional setting (e.g. nursing home). Papers reporting adherence to treatments other than prescribed medication and those that described dementia as a factor predicting medication non-adherence were excluded. We also excluded study populations consisting of cognitively intact persons only.
Reporting guidelines
The systematic review was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) Statement (PRISMA-P checklist)[23] (S1 Table) . 
Cognitive Domain † Description
Complex attention Includes sustained attention, divided attention, selective attention and information processing speed.
Executive function Includes planning, decision making, and working memory, responding to feedback, inhibition and mental flexibility.
Learning and memory Includes free recall, cued recall, recognition memory, semantic and autobiographical long term memory, and implicit learning.
Language
Includes object naming, word finding, fluency, grammar and syntax, and receptive language.
Perceptual-motor function
Includes visual perception, visuoconstructional reasoning and perceptual-motor coordination Social cognition Includes recognition of emotions, theory of mind and insight.
Terms used in this review describing cognitive impairment, dementia and medication adherence are outlined in Table 1 .
Data sources and searches
The following seven databases were selected: Ovid MEDLINE, EMBASE, CINAHL (via EBS-COHOST), COCHRANE DATABASE OF SYSTEMATIC REVIEWS, PsycINFO (via EBSCO-HOST), Web of Science, and Scopus.
The search conducted on 14 th October 2015, used explosions and combinations of key search terms (S2 Table) . Search results were collated in a reference data base (EndnoteX5, Thomson Reuters, 2010), duplicates deleted and initial screening of titles was independently conducted by two reviewers (DS & CY). A priori inclusion and exclusion criteria were applied at this stage. Two reviewers (DS & BK) then independently screened abstracts of titles retained by at least one reviewer, to select final studies to include. Two reviewers independently applied inclusion and exclusion criteria to full texts of remaining references to select studies for this review (DS & JI). Manual searches of reference lists and citation tracking of papers identified as potentially relevant were also conducted. Discordance between reviewers was resolved by discussion and when necessary, by a third senior reviewer (JI).
Data extraction and quality assessment
Extracted data included study and population characteristics, research design, data sources and analysis, specific cognitive domains, prevalence of non-adherence, method of measuring adherence, salient findings, factors associated with adherence, strategies for improving adherence and study limitations. When available in the research literature, relationships and factors are compared with cognitively intact populations. Coding decisions were made by agreement between two researchers (JI & DS). Information on demographics, prevalence of adherence, methods for promoting adherence and potential risk factors for non-adherence were collated. Internal validity of included articles was assessed using the National Institutes of Health (NIH) study quality assessment tool comprising 14 criteria. Two reviewers independently rated each study against the criteria before an overall quality rating was assigned to each study (Table 2 , S1 Appendix, S3 Table) [24].
Results
Study selection
The combined searches yielded 15,033 records of which 15 articles were eligible for inclusion (Fig 1) .
Study characteristics
The first included study was published in 1996, and the majority (n = 11) were conducted in the USA [14, 18, 21, [25] [26] [27] [28] [29] [30] [31] [32] . Studies were cohort (retrospective, n = 3), cohort (prospective, n = 7), cross sectional (n = 3), and case control (n = 2) in design ( Table 2 ). Data collection methods included interviews (n = 12), databases (n = 2), surveys (n = 1), through interactive video technology (n = 1) and electronic recording devices (n = 1). The quality of studies was rated as good (n = 7), fair (n = 7) and poor (n = 1). (Table 2 ) [24] .
Adherence in persons with dementia living in the community was the focus in eleven studies [20, [25] [26] [27] [28] [29] [31] [32] [33] [34] [35] , and of these, three examined the role of caregivers of CI older adults [25, 28, 34] . The remaining studies (n = 4) described adherence in the general population with 
Medication non-adherence and adherence
The definition of medication non-adherence and adherence varied widely (Table 3) with studies describing under and overtaking (n = 2), omission of a single dose (n = 7), deviation from a prescribed time (n = 2) and deviation from dose intervals (n = 3). Six studies described the frequency of medication non-adherence [14, 18, 20, 21, 27 , 28]. The frequencies of non-adherence varied considerably across studies. The smallest rate was 10.7% among CI older adults aged 65 or more years using surveys in a cohort study [21] . The greatest rate was 38% of participants "falling below the adherence threshold of taking medication correctly 85% of the time" in one prospective cohort study using electronic monitoring [14] . Adherence frequencies using 'pill counts' ranged from 17%-100% among older adults with Alzheimer's Disease (AD) from one case control study [27] .
Under and overtaking medications. Two prospective cohort studies reported under and overtaking medications were common [18, 20] . In one study, 17.4% of participants reported at least one incident of medication non-adherence during the 12-month prospective follow up period [20] . These comprised one incident (14.7%), two incidents (2.4%) and three incidents (0.3%) [20] . The other study, examined all domains (excluding abstract reasoning) in participants with heart failure who screened positive for CI [18] . Through pill counts of all prescribed medication, this found that MCI and severe CI persons were 30% and 27% non-adherent (pills were not taken, over taken or a combination of both) respectively within a 30 day period [18] .
Omission of a single dose. Omission of a single dose was specified in seven studies [14, 18, 21, 25, 26, 32, 34] . When reported, adherence frequencies fell to 42%-71%. The majority used pill counts to determine medication adherence (n = 4) whilst the remaining used selfreports (n = 1), survey (n = 1) and a medication-monitoring device (n = 1). Most studies did Three studies specified cognitive domains including, attentional [18] , speed of information processing [18] , visuospatial and constructive skills [18] , new learning and memory [14, 18, 21] , receptive and expressive language [18] , praxis [18] and executive functioning [14, 18, 21] (Table 3) .
Deviation from prescribed time/dose intervals. Deviation from a prescribed time and deviation from dose intervals was documented in one case control study using a global description of CI [27] . The control (non-CI) group performed better in tasks of timing and dosing compared to participants with AD. Participants with AD also over-estimated their ability to time and dose medications correctly (92% self-predicted versus 78% actual, respectively) whereas controls were accurate at both tasks.
Overview of the relationship of non-adherence with specific cognitive domains/deficits
Five articles investigated deficits in cognitive domains: attention (n = 3) [18, 20, 30] , speed of information processing (n = 1) [18] , visuospatial and constructional skills (n = 3) [18, 20, 30] , praxis (n = 1) [18] , new learning and memory (n = 5) [14, 18, 20, 21, 30] , executive functioning (n = 5) [14, 18, 20, 21 , 30] abstract reasoning [20] as well as receptive and expressive language [18] (Table 3) .
Methods and instruments for assessing the relationship between adherence and cognitive domains varied. Two studies utilized the Dementia Rating Scale (DRS) [20, 30] while two studies used the Mini Mental State Examination (MMSE) in conjunction with additional cognitive tests and subtests [14, 21] .
Attentional and speed of information processing. Attention [18, 20, 30] and speed of information processing [18] were not statistically significant predictors of medication adherence and management. These were prospective [18, 20] and retrospective cohort studies [30] using the DRS [20, 30] and the Saint Louis University Mental Status (SLUMS) examination to ascertain cognitive impairment [18] .
Visuospatial and constructional skills and praxis. Visuospatial [18, 20, 30] or praxis [18] test scores were not statistically associated with medication adherence however, one study found participants often knew medications by colour and shape rather than name or indication [18] .
New learning and memory and executive functioning in medication adherence. Most studies focused on memory (n = 5) and executive function (n = 5) [14, 18, 20, 21 , 30] when assessing medication adherence.
Three studies reported better memory as a significant predictor of adherence [18, 20, 30 ] while two studies did not [14, 21] . CI participants were used in two of the studies reporting significance [18, 20] . The remaining studies did not focus on CI populations. Two studies used the same methods to ascertain memory scores [20, 30] finding better performance on the DRS memory subscale a predictor of better medication adherence [20] and poor performance a predictor of missed medical appointments [30] . Furthermore, CI was the sole factor associated with poor medication adherence.
CI participants who completed further neuropsychological testing in one study demonstrated deficits in immediate memory and delayed verbal memory [18] . Intact executive functioning was protective for adherence in two studies [14, 21] and was determined through different forms of testing: Wisconsin Card Sorting Test (WCST); WMS III letter-number sequence, mental control and digit span backward [14] and Trailmaking B Test [21] . These recruited participants showing signs of CI (e.g. MMSE scores <25) [21] or deficits in domains indicative of impairment [14] . The remaining studies, using CI population samples, reported poorer executive performance increased the likelihood of non-adherence (n = 1) [20] or was not statistically significant (n = 2) [18, 30] . Interestingly, two used the DRS initiation/preservation subscale [20, 30] .
Abstract reasoning. One prospective cohort study reported better performance on the DRS conceptualization subscale increased the likelihood of non-adherence [20] .
Receptive and expressive language. There was not a significant association between language domain tested and medication adherence in one prospective cohort study [18] .
Factors associated with non-adherence
Individual factors. Eleven studies documented individual factors associated with medication adherence and non-adherence in cognitively intact and cognitively impaired individuals [14, 18, 20, 21, Medication. Three studies reported medication factors in relation to non-adherence [20, 21, 35] . Taking fewer drugs was associated with improved adherence in one study using selfreports [21] and CI persons taking four or more daily medications had a 2.5 fold increase in non-adherence compared to those taking less than four medications according to independent rater-reviews [20] . Conversely, a cross-sectional study reported a non significant association between medication adherence and: the number of drugs; or frequency of drug administration; or with/without one dose package; or use of medication calendar or written drug information using pill counts [35] .
Medication aids. A memory assistive device was used more often by CI participants (32/ 35) than non-CI participants (132/143) [26] . The lack of such device was associated with nonadherence [35] . Better scores on memory subscales were also associated with participants setting up their own medication schedules [21] . Additionally, environmental cues associated with the repetitive task of taking medication were reported to have contributed to increased adherence [14] .
Healthcare system factors. Health system factors were reported in three studies [21, 30, 35] . There was a negative correlation between physician rating and patient's ratings of medication treatment adherence [30] . Furthermore, poor client-physician relationships was an independent predictor of poor adherence (defined as <80%) [35] whilst prescription insurance was positively associated with medication adherence on univariate analysis only [21] .
Interventions or strategies used to manage medications
Technological intervention specific to medication non-adherence were described in two studies [29, 32] . Another two studies identified participant's strategies to manage medications [21, 26] . # DRS M ⇩ ß = -0.381; t = -2.681; p = 0.010 [30] Ci Spousal CG ⇩ ADH: 42% vs. Non-Ci spousal CG ADH: 83% p = 0.041 [25] " GDS Total Score ⇩ ß = 0.436; t = 2.608; p = 0.012 [30] No Assistance ⇩ - [27] Co-morbidity Index ⇧ ß = 0.21; r = 0.23; p < 0.01 [33] Verbal/Visual Assistance ⇩ - [27] Disease Severity ⇧ ß = 0.19; r = 0.20; p < 0.01 [33] EF (TTB Score) ⇧ OR 4.38; 95% CI: 1.13-9.33 [21] Exp. with disease (HF) > 2mo ⇧ ß = 0.31; r = 0.31; p < 0.01 [33] MMT Score ⇧ r = 0.39; p < 0.03 [28] EF & WM ⇧ ß = 0.44; t = 3.05; p < 0.05 [14] Televideo Monitoring ⇧ 80-81% vs. NM: 62% p < 0.05 [32] Min Assistance with Medication ⇧ - 
Non Adherence
Previous NonAdherence ⇧ OR 2.61; 95% CI: 1.18-5.62 [20] !4 Medications ⇧ OR 2.58; 95% CI: 1.31-5.29 [20] Caregiver Stress & NLWC ⇧ OR 2.95 [34] Not assessed by included studies " DRS C Score ⇧ OR 1.14; 95% CI: 1.02-1.27 [20] Not assessed by included studies " DRS IP Score ⇩ OR 0.93; 95% CI: 0.87-1.00 [20] " DRS M Score ⇩ OR 0.89; 95% CI: 0.81-0.97 [20] Co-morbidity (HF) ⇩ - Telecommunication technology [32] and a medication reminder device [29] were used to assess medication self-administration in participants with dementia. These suggested that participants could become proficient users of such interventions [29, 32] . Video monitoring intervention stabilized adherence even as global mental status declined over time, while adherence for the control group (no monitoring) declined as global mental status declined [32] . End-ofstudy adherence was statistically significant for the video monitored group (81%) compared to controls (62%) [32] .
One study reported 89% (n = 231/257) participants with an assistive system to track medication were fully adherent. This proportion was similar to those not using assistive methods 87% (n = 74/86) [21] . The most common assistive system was specific placement of medications to trigger memory (34.2%, n = 92). These findings were discordant with another study, whereby CI participants' MMSE scores were not associated with reported use of memory focused assistive methods [26] 
Discussion
Statement of key findings
Poor adherence to medication regimens in people with CI ranged from 10.7% [21] to 38% [14] while adherence levels ranged from 17% to 100% among older adults with Alzheimer's Dementia [27] .
Frequencies of adherence in these CI populations were worse when compared to cognitively intact populations [14, 21] .
Interestingly, when an informal caregiver was ensuring adherence, the objective adherence rates were similar in cognitively intact and impaired populations [27] .
Aggregate analysis and direct comparison was limited because of inconsistencies and variations in definitions of adherence and non-adherence. Also the methods of ascertaining adherence were disparate [36] .
To our knowledge, this is one of very few systematic reviews to deconstruct cognitive functioning and identify specific domains associated with medication adherence [21] .
Interpretation
Cognitive domains. Specific cognitive domains receiving the most attention were memory and executive functioning. Studies with CI populations found intact memory was a significant predictor of medication adherence [18, 20] . Any associations with executive functioning remain unclear due to discordant study results. Persons with CI may not be able to understand, retain or follow instructions, implying that interventions focusing on traditional models of patient education may fall short in this population [18] . The impacts of a better level of executive performance in persons with CI on medication adherence were discordant, one reported improvement [20] and another did not [18] .
In contrast, studies with populations considered cognitively intact reported better executive function to be a significant factor for adherence [14, 21] . These discordant results may be due to differing methods utilized to test this domain. Executive functions correlate with instrumental activities of daily living requiring goal directed activities [37] suggesting executive abilities involving mental flexibility, including implementing, planning and maintaining intentions, may be important for medication adherence [20] .
Interestingly, better performance on the subscale of abstract reasoning increased the likelihood of medication non-adherence in a sample of CI older adults. This may be explained by intentional non-adherence due to individuals' concerns about the medication [35] as this requires the ability to abstract and form fundamental connections between medication and possible side effects-the ability measured by the selected subscale [20] . There was not a significant association between language domain tested and medication adherence [18] . However, subtle impairments in verbal memory amongst cognitively intact women taking oral antiestrogen therapy was a potential predictor of non-adherence [38] . Such findings have implications for clinical practice. For example, interventions to improve adherence could potentially benefit from providing written instructions and resources [38] , not just verbal and the use of assistive technologies. Furthermore, it has implications for the use of brief screening tools to more efficiently identify at-risk patients for closer monitoring and the development of assessment tools to inform targeted adherence interventions [38] .
These findings need replicating, though physicians should be aware of the error in assuming impairment in all areas of cognitive functioning will increase non-adherence. Health care providers need to explore CI patient's understanding and concerns regarding medications. This may reduce a patient's intentional non-adherence. Education about indication, medication and side effects, along with considering patient tolerance of side effects may improve intentional non-adherence [20] . Other specific cognitive domains received much less attention, with inconsistent or non-significant findings of those examined [18, 20, 30] .
It is surprising that impairment in specific domains was not as useful in understanding and preventing medication non-adherence in this population [18, 20, 30] . Further research is needed to understand this complex relationship [15, 39] and elucidate if different patterns of suboptimal adherence may exist depending on the combinations of neurocognitive impairment [39] .
Risk factors. Most frequently reported risk factors for medication non-adherence were CI (or suspected CI) and absence of a caregiver or spouse living with the patient. The impact of impairment on adherence begun with MCI and did not worsen for participants with severe CI. This is important for clinical practice as the presence of MCI is easily missed [40] . Although it is not feasible to screen all older peoples for CI [41] , clinicians should be aware of the relationship of these risk factors to non-adherence. Methods of ascertaining dementia or CI varied amongst the studies making it difficult to compare results. The assistance of a caregiver may potentially indicate advanced dementia/CI and may provide an explanation why a relationship between cognitive functioning and medication adherence is not reported [26] . Research should further explore these risk factors in order to reliably ascertain adherence.
Studies that did not find a relationship between dementia or CI and adherence most frequently used self-reports or interviews to ascertain adherence, both tending to lead to underestimation of medication non-adherence [9] . These findings may be biased because of inherent methodological limitations as patient self-reports and interviews of CI persons are poor measures of treatment adherence [42] . Future studies should consider the use of other methods to identify adherence/non-adherence in an older population, including personalized medical records and direct pharmacist questioning, which have been suggested as optimal measurement tools in previous studies [43] .
A significant number of people with dementia have a comorbid health condition, which may have serious implications for the way specialist services are delivered to people with dementia [44] . Regimen complexity [21] and the number of prescribed medications [20] were cited as risk factors for medication non-adherence. Physicians should be aware of the relationship between medication adherence and comorbidity, a factor likely to increase and complicate medication intake. Patients with multiple chronic disease may vary their opinions about health outcomes, such as, longer survival, prevention of disease-specific events, physical and cognitive function and tolerable risk of adverse drug reaction [45] . The difficulty for clinical practise is to rationally prescribe medications for older adults with multiple chronic conditions and reduced life expectancy whilst also analysing: the likelihood of benefit and goals of care and satisfying the basic principles of optimal medication use. Therefore, future research should focus on a subpopulation of persons with dementia or CI with co-morbid diseases [46] .
Interventions. Unfortunately, interventions were investigated by only two studies [29, 32] which had small sample sizes.
A recurring theme is the importance of caregivers for the success of interventions [29] . This, however, reinforces the dependency of older people with dementia and is inconsistent with the philosophy of promoting self-determination and independence critical to a person's quality of life [47] . Individual strategies (e.g. medication regimens or setting up schedules) used in two studies [21, 26] , led to recruitment of willing participants with caregivers, hence may not represent the general older population.
Several interventions (such as medication and disease education, medication reviews and packaging/dispensing of medications) for the general older adult population have been documented. Despite moderate success, few studies have attempted to translate these findings to older adults with dementia or CI. This study updates and extends the knowledge of a previously published systematic review [9] . This study included a more comprehensive search to retrieve a broader scope of articles and focuses on the impact of specific cognitive domains on medication adherence.
Research into the effect of a memory-prompting device designed for participants with HIV-associated memory impairment demonstrated improvements in adherence to highly active-antiretroviral therapy (HAART) for these participants but not for memory-intact participants [48] . These results suggest different approaches are necessary for each population.
Medical consequences. Medication non-adherence, particularly overdose, may result in toxicity due to altered pharmacodynamics in the older population [49] . Well-known consequences: poor disease control, increased hospitalizations, disability and early death [20] were rarely examined in the appraised studies. Research in this field tends to exclude persons with dementia/CI, limiting the ability to extrapolate results to the growing cognitively impaired population [8, 9] .
Strengths and limitations
This is an extensive review with a comprehensive search strategy and was not limited to quantitative research. Studies were scored using recognized reporting standards, determining that only one [26] of the 15 reviewed met less than half of the specified criteria. Limitations were the inconsistencies between data sources and definitions, resulting in a loss of fidelity in the value and comprehensiveness of data gathered by each method. Finally, non-pharmacological treatments and regimens were excluded. Articles that were written or translated into English were only able to be included in this review.
Implications
Clinical practice must take into account the accumulating research for the prevention of medication non-adherence and the management strategies available for this population. Medication reminder devices are suggested to combat this issue, however, the degree of efficacy of these devices and the appropriate support for using such a device amongst this population are yet to be determined [29] .
Given the paucity of data available, future research could explore a realist review approach to combine theoretical understanding and empirical evidence. A realist review focuses on explaining contextual relationships between how interventions are applied and produce outcomes [50] . This may enable a deeper understanding of potential effectiveness of interventions while waiting for empirical clinical study evidence.
This study identified several methodological gaps and highlights the lack of focus on specific cognitive domains that may potentially contribute to medication non-adherence. There is also a paucity of information about adherence and dementia subtypes.
Generalizability
Generalizing the findings should be done with caution. The eligible research studies spans over 20 years (1994-2012) and the nature and assessment of medication adherence/nonadherence have changed along with changes in diagnosis of dementia and CI as well as health care practice.
Individual-level factors are possibly transferable as demographic characteristics are similar across the CI population. As most studies were conducted in the USA, there may be issues with the applicability of clinical practice or research factors being translated to over countries.
Conclusion
This systematic review consolidates current knowledge about medication non-adherence in persons' with dementia/CI. The literature revealed poor cognitive function as a risk factor of medication non-adherence. It also highlighted the importance of caregivers in assisting with medication adherence or interventions to improve medication adherence. Clinicians should be aware of the negative effect global cognitive impairment has on medication adherence and consider screening patients where impairment is indicated. Development of tailored interventions to combat non-adherence requires a better understanding of the potential contribution of cognitive domains. This is also requires researchers to develop and use a single standard definition and method of recording medication adherence. The development of knowledge about medication non-adherence in persons with dementia/CI is vital if the challenge of ensuring better prognoses and reduced harm to patients is to be met. 
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